We have measured new submillimeter-wave data around 600 GHz and around 1.1 THz for the 13 C isotopologue of formic acid and for the two deuterium isotopomers; in each case for both the trans and cis rotamer. For cis-DCOOH and cis-HCOOD in particular only data up to 50 GHz was previously available. For all species the quality and quantity of molecular parameters has been increased providing new measured frequencies and more precise and reliable frequencies in the range of existing and near-future submillimeter and far-infrared astronomical spectroscopy instruments such as Herschel, SOFIA and ALMA.
Introduction
Formic acid (HCOOH) is the simplest organic acid and the first identified in the interstellar medium (Zuckerman, Ball & Gottlieb 1971) . It has been observed principally in star-forming regions such as Orion KL, Sgr B2, Sgr A and W51 (Liu et al. 2002 (Liu et al. , 2001 Minh, Irvine & Friberg 1992; Winnewisser & Churchwell 1975) and is associated with hotcores, and massive star formation. Recently it has also been shown to be present in some hot-corinos (for example that around IRAS 16293-2422) associated with formation of stars similar to our Sun (Bottinelli et al. 2007; Cazaux et al. 2003) . Several detections in the cold dark cloud L134N/L183 (Irvine et al. 1990; Turner, Terzieva & Herbst 1999; Requena-Torres et al. 2007 ) have also been reported. Formic acid is also present in chondritic meteorites (Briscoe & Moore 1993) and millimeter-wave lines have been observed in outgassing from the Comet Hale-Bopp (Bockelée-Morvan et al. 2000) . It is a species of intermediate complexity, and as such, may indicate the transition between simpler species that are formed in the gas phase and complex hydrogenated species like CH 3 OCHO that are believed to form by grain chemistry (Turner, Terzieva & Herbst 1999) . The detection of icy HCOOH in star-forming regions (e.g. Keane et al. 2001 ) and dense molecular clouds before the onset of star-formation (Knez et al. 2005) indicates that its formation occurs on grain surfaces during the cold phase of star-formation but gas-phase formation processes cannot yet be ruled out. Since it shares common structural elements with biologically important species such as acetic acid and glycine the study of formic acid should aid future searches for these molecules and give information on possible reaction paths.
Formic acid has also been observed throughout the Earth's troposphere in liquid, aerosol, and vapor phases (see for example Khare et al. 1999) and is an important oxygenated volatile organic compound (OVOC).
Formic acid has two rotameric isomers, defined by whether the two H-atoms are cis or trans to each other. Both rotamers are near prolate asymmetric tops with a planar structure and C s symmetry (Lerner, Dailey & Friend 1957; Winnewisser et al. 2002) . The cis-rotamer lies approximately 1365 cm −1 higher in energy than the trans. The latter is hence about 800 times more abundant at room temperature and the trans rotamer is assumed if not otherwise specified in the text. All the radioastronomical observations reported above refer to the trans rotamer and the main isotopologue, since, to our knowledge, there are no clear detection of the other species so far. Possible identifications of the other trans isotopologues are reported on the NIST web database 1 of recommended rest frequencies for observed interstellar molecular microwave transitions.
Many studies have been devoted to trans-formic acid. The microwave and millimeter wave rotational spectrum has been studied since the beginning of the 1950s (for example ) and a list of works before 1978 can be found in Willemot et al. (1980) . For HCOOH the components of the dipole moment along the a and b axes have values of respectively 1.4071(8) D and 0.227(10) D (Weber et al. 1987) . The hyperfine structure due to the interaction with the nuclear spin of the protons is only a few kHz even for the lowest transitions and has only been measured at radio-frequencies using a molecular-beam spectrometer (Chardon et al. 1976 ). Several studies have been carried out on the isotopologues and substitution structures determined (Lerner, Dailey & Friend 1957; Wellington Davis et al. 1980; Willemot, Dangoise & Bellet 1978) . Work has been done both by FTIR and by microwave spectroscopy on the vibrational states (Baskakov et al. 2006a , and references therein) including the two lowest ν 7 and ν 9 (for example Baskakov et al. 2006b ) most pertinent to astrophysical detection.
The cis form was first detected by microwave spectroscopy and the components of the dipole moment determined as µ a = 2.65(1) D and µ b = 2.71(1) D (Hocking 1976) . Later, rotational constants of several isotopologues were determined leading to a substitution r s structure (Bjarnov & Hocking 1978) . The analysis of the rotational spectrum was recently extended to the submillimeter wave range (Baskakov et al. 2006c ).
Recently, detailed ab initio calculations have been carried out for both the cis and the trans rotamers (Demaison, Herman & Livin 2007) . The quadratic, cubic, and semi-diagonal quartic force fields of cis-and trans-formic acid were calculated using three different levels of theory. A semi-experimental equilibrium structure was derived from experimental ground state rotational constants and rovibrational interaction parameters calculated from the ab initio force field.
The references above concerning the rotational spectrum of formic acid are limited to the millimeter-wave and microwave regions (below around 300 GHz). With the launch of the Herschel space observatory it is important to have predictions for astrophysically relevant molecules like formic acid between 480-1910 GHz (the operating range of the highresolution spectrometer HIFI) with accuracies better than a MHz and preferably better than 100 kHz. Also predictions at higher frequency may be required for the other lower resolution instruments. Previous work has shown that extrapolations of spectra from lower frequency laboratory measurements may not only be inaccurate but also that predicted uncertainties may be misleadingly smaller than actual shifts (see for example Drouin et al. 2006; Lattanzi et al. 2007 ). The spatial distribution of complex organic molecules (COMs) like formic acid and its correlation with grains and temperature should give valuable clues to the creation and destruction routes of these species. Spatial resolution generally improves with increasing in frequency. Frequency coverage of the ALMA international interferometer (operating in the next decade) will be restricted by atmospheric absorption but measurements up to 900 GHz should be possible. ALMA will be very sensitive to the detection of COMs not only because of the combined detecting area of up to 80 antennas but also because of its high-spatial resolution that could be used to focus on regions of high-concentration. Hence the study of the cis isomer and isotopologues of formic acid would seem feasible. These could be used as probes of the physical conditions and of formation reactions in the regions where they are observed. In particular it would be interesting to see if the overabundance of deuterium isotopologues observed for other species (see for example Parise et al. 2006 ) also occurs in formic acid.
The submillimeter-wave spectrum of trans and cis-HCOOH and trans-H 13 COOH has recently been measured at Cologne between 835 -993 GHz (Winnewisser et al. 2002) who also report lower resolution far-infrared Fourier transform spectra for the same species between 20-100 cm −1 (600-3000 GHz). The objectives of this work were to measure for the first time high-frequency rotational transitions of the two deuterated isotopologues DCOOH and HCOOD and to give at the same time complementary data for H 13 COOH.
Experimental
The measurements were carried out at JPL using the spectrometer system developed there and described in detail elsewhere Maiwald et al. 2005) . Briefly, a millimeter-wave module, with 10-100 mW of output power, and a series of commercial (Virginia Diodes) and JPL built multiplier chains are used to produce THz radiation. The radiation source is a sweep synthesizer phase-locked to a frequency standard with a precision of 1 part in 10 12 , so the frequency error depends entirely in determining the line center. Tone burst modulation (100 kHz tone, 0.5 kHz burst, 0.10-0.15 Volts amplitude) is used as well as a tunable YIG filter for suppression of spurious harmonics. A double pass of the microwave radiation through the cell is used to improve sensitivity. This is achieved using a polarizing beamsplitter at 45
• to the quasi-optical beam-path between the source and the cell. The beamsplitter orientation is chosen to transmit a maximum of incident radiation; a rooftop reflector at the end of the cell rotates the polarization by 90
• and reflects the beam back through the cell. The beamsplitter then reflects the beam into a composite Si bolometer cooled to 2.1 K with pumped 4 He liquid. The detector response is passed through a preamplifier, demodulated by a lock-in amplifier at 0.5 kHz and digitized for storage and treatment by computer. The commercial (ISOTEC) samples were used at room temperature and in a static cell filled to 70 mTorr with sample. An air leak limited scanning time and an upper pressure limit of 250 mTorr (sample and air) was used. The cell was conditioned each time the sample was changed. This was done by filling the cell with the new sample at high pressure, leaving it for several minutes, pumping it out and repeating the procedure several times. Still significant contamination of previously scanned isotopomers is noticeable in subsequent scans.
Analysis
Formic acid is a planar molecule with two rotameric configurations, trans and cis. Scans were performed around 600 and 1200 GHz in regions where major branches of the species overlapped with optimum source power. For the trans species a single scan was in general sufficient for good signal to noise; for the cis species up to ten scans had to be co-added. The H 13 COOH molecule was measured in the regions 597-607 GHz and 615-650 GHz with some narrower scans in between, for the cis isomer. In the higher range the scans were performed from 1.066 to 1.097 THz. DCOOH was studied in the ranges 595-650 GHz, 1.075-1.095, 1.100-1.111, 1.122-1.152 and 1.167-1.183 THz. HCOOD was measured in the same regions with a slightly modified lower range of 587 to 644 GHz and an additional measurement between 1.187-1.196 THz. The SPFIT and SPCAT programs (Pickett 1991) were used to fit each isotopologue separately and to generate improved predictions that are available on the JPL website. For all our measurements of the trans isomers an uncertainty varying from 50 to 75 kHz was assigned; a 100 kHz uncertainty was used for the cis species. A higher value was given for lines with poor signal to noise or blended transitions. Formic acid is a near prolate symmetric rotor (κ cis = −0.96, κ trans = −0.95 for the parent species). An A-reduced Watson Hamiltonian (Gordy & Cook 1984) in the I r representation was used for each isotopologue studied. All the molecular parameters in the fits are defined positively except the quartic. The exact molecular constants constrained for each species are reported in Tables 1-6.
trans-isomers
For each species we made a final global fit including data from other authors. When the same transition had been remeasured by the present study, our data was used since the estimated uncertainty was in each case smaller. Table 7 summarizes the data used for each species including the maximum quantum numbers assigned and the branches with the highest quantum numbers amongst those extensively measured. For example for H 13 COOH the global fit was based on 716 assignments (610 measured) and of these 457 (indicated in the table in parenthesis) are new lines measured in this work. Other lines are taken from work by Wellington Davis et al. (1980) below 185 GHz and from a recent study by Winnewisser et al. (2002) in ranges 172-366 GHz and 835-993 GHz.
In addition to the new lines measured in the isotopically enriched sample we were able to include some lines identified in natural abundance from spectra taken of the 12 C species between 756-814 GHz. Lines of H 13 COOH, resulting from residual contamination, were also identified during subsequent measurements of DCOOH and as some of these were outside the range of our previous measurements they were also included in the fit. For all subsequent measurements the cell was conditioned to reduce contamination, avoid overlapping spectra and facilitate line identification. Figure 1 shows a 1.8 GHz portion of the R Q 8 (J) branch of H 13 COOH (with J from 27 to 12). The corresponding power scan is also shown and can explain small intensity fluctuations. A comparison between the analysis from our work and the most recent published study is reported in Table 1 . It can be seen that the higher order centrifugal distortion constants are now better determined. In addition we were able to well constrain the L KKJ and l KJ octic parameters. It should be noted, however, that we were not able to constrain the L K parameter from the new dataset even without inclusion of the two new octic parameters specified above. The choice of parameters was that which gave the best fit. The new parameter choice is needed to fit the high K transitions, when these are not included L K may be fitted as previously.
In the analysis of DCOOH, data from and Baskakov (1996) were included. Lines from and Baskakov, Bürger & Jerzembeck (1999a) were added to our HCOOD dataset. As can be seen from Tables 1-3 the same set of parameters were used to fit all the trans species. For both deuterated species all centrifugal distortion parameters are better constrained and the three octic constants have been determined for the first time. For DCOOH, φ JK has been constrained for the first time and an additional significant figure has been determined for the other sextic parameters. For HCOOD significant changes in φ JK and φ K should be noted with φ JK now taking a value much closer to that of DCOOH and HCOOH. For HCOOD an additional significant figure has been determined for φ J and φ JK has the uncertainty reduced by 7.
cis-isomers
Data used in the fits for the cis isomers are also summarized in Table 8 . The data for the ground state of cis-H 13 COOH, previously reported, consisted in 100 lines between 152 and 375 GHz from Baskakov et al. (2006c) and 28 microwave transitions below 47 GHz from Bjarnov & Hocking (1978) . This data was merged with our 96 new assignments for a global analysis, the parameters of which are given in Table 4 . The values of the parameters from the two different data sets are generally in good agreement for the quadratic and quartic portions of the Hamiltonian (3σ or less except δ K for HCOOD). Three sextic parameters, Φ J , Φ K and φ K have been constrained for the first time and a fourth, sextic term, Φ KJ is determined with an additional significant figure. Inclusion of the sextic constant Φ J improves the fit even though it is determined with an uncertainty of only 5σ. For both the deuterated species the previous measurements of the ground state have been reported by Bjarnov & Hocking (1978) . Respectively 31 and 24 lines for cis-DCOOH and cis-HCOOD below 50 GHz were added to our measurements giving more than 110 lines up to 1.2 THz for each isotopomer. A comparison of the molecular parameters obtained with the previous analysis using the low frequency data is given in Tables 5 and 6 . There is a good global agreement between rotational and quartic centrifugal parameters although the latter are determined somewhat outside previous uncertainty boundaries. As is to be expected all parameters are better determined. For both isotopomers sextic constants have been determined for the first time and for cis-HCOOD the inclusion of two octic parameters improved the fit. In both cases our work improves the number and quality of determinable parameters. An extract of a few hundred MHz of HCOOD spectrum is shown in Figure 2 . Simulations of the different isotopologues are overlapped and it can be seen how the contaminating spectra of the species used for previous measurements, are sometimes more intense than cis isomer transitions in spite of conditioning of the cell. In spite of this the high signal to noise ratio (S/N) allowed the assignment of almost all the R Q 7 (J) lines to be made.
Discussion
Recently, several publications, mostly by Baskakov (see for example 1999a, 1999b, 2003) on formic acid (including the isotopologues and the cis rotamer) have been devoted to its excited vibrational states, including infrared data and microwave and millimeter wave measurements of rotational transitions of vibrationally excited molecules. Some of these publications have given analyses both for the vibrational state considered and for the vibrational ground state using combination differences. Our work concerns uniquely the vibrational ground state and focuses on submillimeter and terahertz data of 13 C and deuterium isotopologues in order to provide accurate measured and predicted frequencies for interpretation of far-infrared spectra taken by near future instruments such as HIFI/Herschel, SOFIA and ALMA.
In particular we have provided new high-frequency rotational data for both rotamers of the two monodeuterated isotopomers DCOOH and HCOOD. For the trans rotamers only millimeter wave data below 335 GHz was previously available (Baskakov 1996; . The new data allow the determination of three octic parameters and improves other higher order centrifugal distortion parameters. For each cis species only one set of measurements below 50 GHz (Bjarnov & Hocking 1978) has previously been published. For cis-DCOOH three sextic parameters and for cis-HCOOD five sextic and two octic parameters have been constrained for the first time. Also other centrifugal parameters are better determined. Similarly for cis-H 13 COOH only measurements below 370 GHz (Baskakov et al. 2006c ) have previously been reported and two sextic and one octic parameters have been newly constrained. For trans-H 13 COOH Winnewisser et al. (2002) recently published data to almost a THz; we have increased the dataset filling in the 600 GHz region and increasing the maximum measured frequency to almost 1.1 THz. The higher order centrifugal constants have been improved.
It is also interesting to review for formic acid the previous state of two major databases used by astronomers for interpreting rotational spectra; that of the JPL 2 and of Cologne University (CDMS 3 ). These databases contained no entry for any of the cis species except the parent cis-HCOOH (CDMS). For trans-DCOOH and trans-HCOOD only an entry in JPL from 1980 existed before this work and all predictions were based on measurements up to only 160 GHz and 237 GHz respectively. For trans-H 13 COOH a recent entry in the CDMS catalogue is based on all measurements except the new ones reported here; the new entry in JPL should be slightly more precise.
To summarize the present work provides new experimentally determined frequencies in the THz region. The improvement in the determination of the higher order centrifugal parameters should make predictions of all lines more precise and reliable especially at the higher frequencies of the Herschel operating range. All new predictions are made available on the JPL website.
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